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ABSTRACT
Context. Fully fledged sunspots are known to be surrounded by a radial outflow called the moat flow.
Aims. We investigate the evolution of the horizontal flow field around sunspots during their decay, that is, from fully fledged to naked
spots, after they loose the penumbra, to the remnant region after the spot has fully dissolved.
Methods. We analysed the extension and horizontal velocity of the flow field around eight sunspots using SDO/HMI Doppler maps.
By assuming a radially symmetrical flow field, the applied analysis method determines the radial dependence of the azimuthally
averaged flow field. For comparison, we studied the flow in supergranules using the same technique.
Results. All investigated, fully fledged sunspots are surrounded by a flow field whose horizontal velocity profile decreases continu-
ously from 881m s−1 at 1.1Mm off the spot boundary, down to 199m s−1 at a mean distance of 11.9Mm to that boundary, in agreement
with other studies. Once the penumbra is fully dissolved, however, the velocity profile of the flow changes: The horizontal velocity
increases with increasing distance to the spot boundary until a maximum value of about 398m s−1 is reached. Then, the horizontal
velocity decreases for farther distances to the spot boundary. In supergranules, the horizontal velocity increases with increasing dis-
tance to their centre up to a mean maximum velocity of 355m s−1. For larger distances, the horizontal velocity decreases. We thus
find that the velocity profile of naked sunspots resembles that of supergranular flows. The evolution of the flow field around individual
sunspots is influenced by the way the sunspot decays and by the interplay with the surrounding flow areas.
Conclusions. Observations of the flow around eight decaying sunspots suggest that as long as penumbrae are present, sunspots
with their moat cell are embedded in network cells. The disappearance of the penumbra (and consequently the moat flow) and the
competing surrounding supergranular cells, both have a significant role in the evolution of the flow field: The moat cell transforms
into a supergranule, which hosts the remaining naked spot.
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1. Introduction
A fully evolved sunspot with a penumbra is usually surrounded
by an annular cell, the so-called moat cell. This region shows a
horizontal-radial flow of gas away from the spot. Sheeley (1972)
first analysed the flow around sunspots and described its annular
form. The extension of the flow, as measured from the outer spot
boundary, is stated to be in a range of 10–22Mm (Sheeley 1972;
Muller & Mena 1987; Shine et al. 1987; Brickhouse & Labonte
1988; Balthasar & Muglach 2010; Verma et al. 2018). Löhner-
Böttcher & Schlichenmaier (2013) studied the flow field of 31
H-class sunspots in HMI Doppler maps and obtained extension
values in the range of 5–15Mm with a mean value of 9.2Mm.
Time-distant helioseismic inversions by Švanda et al. (2014) lead
to moat flow extensions of 12Mm for an average over 104H-
class spots. Rempel (2015) simulated two sunspots, one with a
fully developed penumbra and one naked sunspot that had just
lost its penumbra. He found an extension of 10Mm of the flow
field around both sunspots.
Sheeley (1972) measured horizontal flow velocities of 0.5–
1 km s-1. The comparison of several analysis methods (e.g. track-
ing granules and Doppler shifts) by Brickhouse & Labonte 1988
led to flow velocities in the range of 0.2–1.4km s−1. Muller
& Mena (1987) described the velocity of the outflow motion
as a function of the distance to the sunspot, with the velocity
slowing down near the outer edge of the flow region. Using lo-
cal correlation tracking, Balthasar et al. (2013) obtained a de-
creasing velocity from the spot boundary with 1 km s−1 down to
0.2 km s−1 at the outer edge of the moat flow region. Löhner-
Böttcher & Schlichenmaier (2013) measured velocities of 0.8–
1.2 km s−1 just outside the sunspot with a monotonic decrease to
a mean value of 0.18 km s−1 at the outer edge of the moat cell
where the noise level is reached. The moat flow around the fully
developed sunspot simulated by Rempel (2015) shows a similar
velocity profile. The horizontal velocity drops from 1.5 km s−1
at the boundary of the sunspot down to 0.2 km s−1 at a distance
of R = Rspot + 10Mm from the spot centre. The flow field en-
closing the simulated decaying sunspot displays a different pro-
file for the horizontal velocity. At a distance of 1Mm to the spot
boundary, the naked spot is surrounded by an outflowwhose hor-
izontal velocity increases up to 0.5 km s−1 to later decrease until
it drops below 0.2 km s−1 at a distance of 10Mm from the outer
edge of the spot.
The mechanism driving the moat flow is a controversial topic
in solar physics. Vargas Domínguez et al. (2008) described the
unmagnetised moat flow as an extension of the magnetised Ev-
ershed flow. This flow is observed as a radially outward directed
horizontal flow in the photospheric layers of the penumbra (Ev-
ershed 1909) of magnetised plasma. The main argument for a
connection of both flows is the non-existence of the moat flow
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when a sunspot does not have a penumbra. Vargas Domínguez
et al. (2007) analysed spots with different penumbral configu-
rations and found that the moat only appears when a penumbra
is present. The flow can only be measured in the direction of the
penumbra filaments and is not detectable in directions transverse
to them.
The idea of a connection between the Evershed flow and the
moat flow is rejected by the observation of an outflow after the
penumbra has dissolved and because the Evershed flow is mag-
netised, whereas the moat flow is a mainly unmagnetised flow
(Deng et al. 2007; Verma et al. 2012; Balthasar et al. 2013). Par-
don et al. (1979) found a persisting flow in the remnant region
two days after the spots had disappeared. They described the
sunspot in its final stage to be surrounded by a stable cell that be-
came unstable and collapsed when the spot was gone. According
to Deng et al. (2007), the symmetry of the flow pattern becomes
lost when the sunspot decays. They observed a decrease in mo-
tion when the penumbra had dissolved. In addition, the outward
motion is not in the immediate surroundings of the naked spot,
but is separated by an inward motion similar to that reported
by Rempel (2015) in his simulated naked spot. Balthasar et al.
(2013) measured higher velocities of the outflow on the penum-
bral side of a decaying sunspot compared to the flow velocity on
the side where the penumbra had already dissolved.
Meyer et al. (1974) described the moat flow as a horizontal
outflow resulting from the rising of gas beneath the penumbra
that bends horizontally as a result of the shape of the penum-
bra. Nye et al. (1988) developed a model based on this idea: The
flow of energy to the surface is blocked, causing a heating of gas
beneath the sunspot. The rising gas cannot be efficiently trans-
ported because the strong magnetic field of the sunspot prevents
this, which leads to an increasing gas pressure below the spot.
Consequently, the gas rises, but is blocked by the funnel shape
of the penumbra and develops a strong horizontal component.
In this model, the velocity of the flow depends on the depth of
the penumbra. Sobotka & Roudier (2007) found the moat size
to be mostly independent of the spot radius. Instead, it seems to
depend on the evolutionary stage of the sunspot. The investiga-
tion of Löhner-Böttcher & Schlichenmaier (2013) also showed
no dependence between the spot radius and the extension of the
moat flow and supported the model by Nye et al. (1988). Rem-
pel (2015) found clear evidence in his simulations for the decou-
pled origin of the moat and Evershed flows. The outflow around
the sunspots is caused by the perturbation of the up- and down-
flow balance that is due to the presence of the sunspot: Because
around spots, cooler downflows are reduced, the average tem-
perature rises, causing a vertical upflow close to the spot that be-
comes visible as the moat flow when it reaches the photosphere.
The lifetimes of sunspots can vary from several days to sev-
eral weeks. In a group of sunspots, the follower spot seldom
achieves a stable configuration and is normally destroyed within
days, while the leader spot can evolve into a round and stable
(H-class) sunspot whose decaying process can last up to several
weeks (Bumba 1963). The slow decay of a sunspot is a diffu-
sive process, which means a gradually shrinking by erosion at
its boundary (Stix 2004). Nevertheless, Sheeley et al. (2017) ob-
served decaying sunspots that lost their round shape and became
more elongated. Then, part of the flux separated from the spot,
and the spot is reshaped into a smaller roundish spot. The au-
thors concluded that sunspot decay occurs in a series of episodic
bursts. Bellot Rubio et al. (2008) observed that the loss of the
penumbra takes three days, in which the umbra splits and only
three distinct finger-like structures remain, which extend from
the umbra into the quiet Sun. Deng et al. (2007) described the de-
cay of the penumbra in relation with a change in and around flux
concentrations of the local flow field. The photospheric plasma
flow takes action and advects the flux, which contributes to the
decay process of the sunspot. The spreading of magnetic flux
over a larger area leads to the disappearance of the dark area
in intensity maps, but does not remove magnetic flux from the
photosphere (Martínez Pillet 2002). Convective flows shape the
field and destroy the annular pattern around the spot. Surround-
ing supergranular flows are able to carve out field-free regions
and sweep away the flux to the cell edges. This leads to a frag-
mentation of the magnetic field, and in connectionwith magnetic
flux of opposite polarity, it leads to flux cancellation (van Driel-
Gesztelyi & Green 2015).
Simon & Leighton (1964) described supergranulation as a
system of atmospheric currents in the photosphere. The currents
form a cellular network, which is visible in Doppler maps after
the reduction of other larger scale flows (e.g. differential rota-
tion and convective blueshift). Inside the cells, the flow is ra-
dially directed from the cell centre to its boundary. The diam-
eters of supergranules are in the range of 10Mm up to 45Mm
(Simon & Leighton 1964; Roudier et al. 2014; Orozco Suárez
et al. 2012). Depending on the method, different values are mea-
sured (Hirzberger et al. 2008). A mean horizontal velocity of
0.4 km s−1 in supergranules was measured by Simon & Leighton
(1964). Orozco Suárez et al. (2012) investigated supergranular
convective flows using Fourier local correlation tracking and in-
tergranular magnetic elements. The flow velocity in supergran-
ules increases outwards for larger distances from the centre. Af-
ter reaching a maximum of 0.35 km s−1, the velocity decreases
monotonically. By averaging over 222 976 supergranular cells
and applying time-distant helioseismic inversions, Švanda et al.
(2014) found a symmetrical flow in supergranules, which is di-
rected radially away from the centre of the cells to its periphery,
with horizontal velocities in the range of 0.3 to 0.6 km s−1. Their
velocity profile is found to increase with increasing distances to
the supergranule centre up to a maximum value from where on a
continuous decrease for larger distances starts. According to Si-
mon & Weiss (1968), the non-stationary cells only survive their
turnover time, then the flow lapses into disorder. Supergranular
cells have a mean lifetime of 1.5 days, which can extend up to
4 days (Roudier et al. 2014; Hirzberger et al. 2008). De Rosa
& Toomre (2004) observed the creation of supergranules due
to fragmentation or merging of older cells and stated that each
supergranular cell takes part in a minimum of one merging or
splitting event during its lifetime. This interaction seems to be
the preferred mode of evolution of the observed supergranular
pattern. The mechanism of advecting magnetic field elements
to the network and the similar appearance suggests a relation
between the supergranular pattern and the quiet-Sun magnetic
network, as was recognised by Simon & Leighton (1964). De
Rosa & Toomre (2004) observed a strengthening or weakening
of the network lanes due to splitting or merging of supergran-
ules. Although there is no definite evidence of a one-to-one re-
lation (see review by Rieutord & Rincon (2010) and references
therein), in the large-scale picture, the supergranular pattern can
be equated with the magnetic network. The horizontal, radially
outward directed gas motion of the moat flow, which is visible
in Doppler maps, resembles the characteristics of supergranu-
lar flows. In addition, magnetic lanes can form around the moat
cell due to magnetic features (MMFs), which cross the moat
and conglomerate, resembling the magnetic network. This re-
lation has been described by Simon & Leighton (1964), Shee-
ley (1972), and Vrabec (1974), for example, who proposed the
sunspot to be sitting in the centre of a supergranule. Meyer et al.
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(1974) concluded from the observations that sunspots are re-
lated to supergranular convection, but these two flows should
be distinguished because of their difference in size and occur-
rence by taking into account the unique relation of the moat flow
to its sunspot. Švanda et al. (2014) found the moat flow to be
asymmetric, while flows in supergranules are symmetric, but the
investigated cells approximately show the same size. In addi-
tion, the authors described the moat cell as a downflow region,
while the motion in supergranules shows an upflow−downflow
behaviour. Various investigations have been carried out to study
the differences and similarities between the moat flow and su-
pergranules (see e.g. Sobotka & Roudier (2007) and the reviews
by Solanki (2003) and Rieutord & Rincon (2010) and references
therein). An overview of the characteristics of the moat flow and
supergranules is given in Table 1.
Table 1. Characteristics of the moat flow and supergranules summarised
as an overview.
Supergranule Moat flow
Extension 5–22.5Mm(5,8) 5–20Mm (including spot)(2,4,7,10)
(radius) mean: 12.5Mm mean: 9Mm (radius w/o spot)
Velocity 0.3–0.6 km s-1 (5,9,10) 1.4–0.18 km s-1(1,4,7)
mean: 0.4 km s-1 mean: 0.55 km s-1
Lifetime mean: 1.5 days(3,8) several days(6)
max: 4 days as long as an H-class sunspot
References. (1) Balthasar et al. (2013); (2) Brickhouse & Labonte
(1988); (3) Hirzberger et al. (2008); (4) Löhner-Böttcher & Schlichen-
maier (2013); (5) Orozco Suárez et al. (2012); (6) Pardon et al. (1979);
(7) Rempel (2015); (8) Roudier et al. (2014); (9) Simon & Leighton
(1964); (10) Švanda et al. (2014)
In our analysis, we study the characteristics of the flow
field in which a sunspot is embedded for different stages of the
sunspot evolution. We start the analysis for fully fledged H-class
sunspots and follow their evolution until they dissolve. The pa-
per is organised as follows: In Sect. 2 we describe the selection
criteria and analyse the data.We apply the method not only to the
flow region around sunspots (Sect. 3.1), but also to study the flow
in supergranules (Sect. 3.2). In Sect. 4 we discuss the results, and
we conclude in Sect. 5.
2. Data selection and data analysis
We analyse the evolution of the flow field around fully fledged
sunspots throughout their decay as well as the flow field in su-
pergranules. For this purpose, we used Doppler maps from the
Solar Dynamics Observatory (SDO) (Pesnell et al. 2012). SDO
data allow for continuous observations over long time ranges,
which is necessary to follow the evolution of a sunspot and its
surrounding area. We selected eight sunspots according to two
criteria:
1. The sunspots should be fully fledged and roundish (H-class
sunspots) when they appear on the eastern limb of the solar
disc.
2. The sunspots should decay before reaching the western limb.
We used the sub-frame data provided by the HMI/AIA Joint Sci-
ence Operations Center (JSOC)1. The provided patches are gen-
erated by taking into account the NOAA number. In addition,
1 http://jsoc.stanford.edu/
the sub-frames are already rotated to switch the north-south ori-
entation of the original data2 . Full-disc data of the Helioseismic
and Magnetic Imager (HMI) (Schou et al. (2012)) show a rota-
tion angle of 180◦. To ensure that we have the whole flow field
surrounding the spot in the field of view (FOV), we chose a data
size of 500 × 500 pix2, that is, 252 × 252 arcsec2.
The analysis method of our investigation is based on the
work by Löhner-Böttcher & Schlichenmaier (2013). They anal-
ysed the moat flow around 31 stable sunspots at a given helio-
centric angle. We present here a brief summary of the analysis
and refer to Löhner-Böttcher & Schlichenmaier (2013), Strecker
(2015), and Strecker & Bello González (2016) for a more de-
tailed description of the method. In the latter, the method by
Löhner-Böttcher & Schlichenmaier (2013) is extended to in-
clude the variation of the heliocentric angle during the passage
of sunspots across the solar disc.
2.1. Reduction of Doppler maps
We used the HMI 720 s Dopplermaps provided by JSOC3. These
are low-noise data generated by combining filtergrams recorded
over a time interval of 1260 s. Several velocity patterns, which
are superimposed in one Doppler map, have to be taken into ac-
count and were removed in order to properly study the flow field
around sunspots. These velocity components are
1. the radial and tangential velocity components due to the or-
bital motion of the satellite, as given in the fits headers of the
HMI files;
2. the differential rotation of the Sun for the (time-dependent)
B0 inclination angle;
3. the centre-to-limb variation of the convective blueshift; and
4. a residual pattern caused by instrumental effects (generated
with data from 2013 and 2014).
To generate the models of these four velocity components,
we followed Löhner-Böttcher & Schlichenmaier (2013). We ob-
tained a different residual pattern (Strecker 2015), as our models
are generated with data from 2013 and 2014. For a further re-
duction of the noise level and the effect of p-modes, we followed
Löhner-Böttcher & Schlichenmaier (2013) and created 3 h time
averages (out of 15 successive Doppler maps).
2.2. Localisation of the region of interest
For consistency, the simultaneous intensity maps and LOS-
magnetograms were also averaged over three hours. The fomer
were used to localise the sunspot as the centre of gravity and
to determine the outer boundary of the sunspot by an intensity
threshold of the spot compared to the surrounding region. Af-
ter the disappearance of the spot in the intensity maps due to
sunspot decay, an approximate localisation of the centre of the
flow field by eye by taking into account the remaining flux in
the LOS magnetograms. The obtained coordinates were used to
crop out a field of view of 200 × 200 pix2 in the Doppler maps.
The centre of the flow-field measurements is thus defined as the
centre of the spot (as long as it is present) and located in the cen-
tre of the image. Animations available as online material show
the evolution of each spot as seen in intensity, magnetograms,
and Doppler maps (see AppendixA and Figs. A.1 - A.8 therein
2 Full disc data of the Helioseismic and Magnetic Imager (HMI)
(Schou et al. (2012)) show a rotation angle of 180◦.
3 http://jsoc.stanford.edu/ajax/exportdata.html
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for temporal snapshots for each spot). The spot boundary is out-
lined by a red contour at each time. The position of the maximum
horizontal velocity and extension of the horizontal flow, that is,
the cell size as determined with our analysis method, are marked
by green and pink contours, respectively. These allow following
the spot evolution from fully fledged to vanished. To study su-
pergranules, we defined their centre by hand as the centre of the
magnetic network cells, as seen in the LOS magnetograms (see
Fig. B.1 in AppendixB) .
2.3. Analysis of the flow field
Owing to the spherical surface of the Sun, the velocities of hori-
zontal flows on the solar surface such as the Evershed flow or the
moat flow are redshifted for flows drifting away from disc centre
and blueshifted for flows directed towards disc centre. We fol-
low Löhner-Böttcher & Schlichenmaier (2013) in their analysis
and assumed circular sunspots surrounded by an axially sym-
metrical flow field, which should also hold for supergranules.
This allowed us to determine azimuthally averaged flow proper-
ties (Schlichenmaier & Schmidt 2000) by reading out the LOS
velocity along circles with different radii around the centre of
the sunspot or supergranule. Sunspots and so the surrounding
flow field seem to have an elliptical shape off disc centre be-
cause of foreshortening effects. Therefore, the circles to read out
the LOS velocity become elliptical according to the heliocentric
angle, which defines the position of the region of interest on the
solar disc. Based on the work by Löhner-Böttcher & Schlichen-
maier (2013) (their Eq. 5), the LOS horizontal velocity compo-
nent υLOSh for radial pixel step is obtained as the amplitude of the
LOS velocity along the ellipse. For the LOS vertical component,
which can be obtained as the offset of the fit, an accurate value
cannot be obtained as it is strongly influenced by the residual
velocities in the HMI Doppler maps. To compare the horizontal
flow velocities for different heliocentric angles (θ), υLOSh (R, θ),
with R the radial distance, they have to be independent of LOS
projection effects. This is reached by
υh(R) =
υLOSh (R, θ)
sin(θ)
. (1)
Following Löhner-Böttcher & Schlichenmaier (2013), we
defined the size of the flow region at the point where the root
mean square (rms) exceeds the LOS horizontal velocity compo-
nent υLOSh ≤ σrms. The rms gives the azimuthal velocity fluctua-
tion around the sine fit f (φi) and was computed for all distances
R = Rspot + rF with rF ≥ 3 pixel from the spot boundary:
σrms(R) =
√
1
n
·
n∑
i=1
(υLOS (R, φi) − f (φi))2. (2)
Figure 1 displays a snapshot of AR11641 (2 January 2013 at
07:30UT) as an example of the output of the analysis method:
In the left panel, a Doppler map is overplotted, with the green
contour outlining the spot boundary as seen in intensity, and the
various ellipses for different radii (rF) along which the flow field
around the spot is measured. The right panel displays the vari-
ation of the LOS horizontal velocity with the radial distance to
the spot boundary. The green curve displays LOS horizontal ve-
locities higher than the rms value (error bars). The red curve dis-
plays LOS horizontal velocities that can no longer be detected
above the noise (rms) level. This transition (from green to red)
defines the outer boundary of the flow field (Löhner-Böttcher
& Schlichenmaier 2013). The blue curve displays the horizontal
velocity corrected for projection effects (Eq. 1). The information
on the maximum horizontal velocity and the extension of the
flow were then extracted from υh (independent of heliocentric
angle) and υLOSh , respectively, for all studied sunspots and at dif-
ferent stages during their evolution across the disc.
The sunspots we studied do not keep their roundish shape
during their decaying process. We defined the radius of the flow
field to be rF = 0 pix at the spot boundary in intensity maps.
To take into account the varying shape of the spot during its
decaying process, which can lead to an underestimation of the
radius by the automatic procedure, we started our analysis at a
distance of rF = 3 pix ≈ 1.1Mm from the sunspot boundary
and took 51 pixel steps to measure the velocity across the whole
flow field. As the spot morphology changes, it also influences
the morphology of the surrounding flow field. We took this as-
pect into account by examining the sunspot’s magnetic structure
and its surroundings in the corresponding LOS magnetograms,
as we describe in the next section. This is also illustrated in the
animations provided in AppendixA.
3. Results
In the first part of this section, we describe the results of the anal-
ysis of the flow field around decaying sunspots. The second part
contains the results of the analysis of the flow in supergranules.
3.1. Flow field around sunspots
We analysed eight sunspots in different time spans, covering
their evolution from fully fledged to naked sunspots to their
eventual disappearance on the disc, when observable. We gen-
erated 3 h data averages, which provided us with a set of eight
data points per day. As required, all sunspots had fully fledged
penumbrae at the beginning of the analysis. Table 2 lists the main
results for the analysed active regions. Columns. 3 to 5 con-
tain maximum horizontal velocity values for the three decaying
stages of each spot. Columns 6 to 8 contain the extension of the
flow field also for the three decaying stages of each spot. The
values in Cols. 3 and 6 display averages over the first day in the
analysis, that is, over eight samples in the fully fledged sunspot
phase. Columns4 and 7 are time averages over the naked-spot
phase, while Cols. 5 and 8 are averages over the remaining anal-
ysis period, that is, after sunspot disappearance. We note that
values in Cols. 4 and 7 and 5 and 8 have different averaging pe-
riods depending on the evolution of each spot.
3.1.1. Horizontal flow velocity
At their initial stage in the analysis, that is, during their fully
fledged evolutionary stage, all sunspots show a velocity profile
that decreases continuously from a maximum value at 1.1Mm
(rF = 3 pix) off the spot boundary with increasing distance to
the spot boundary. See an example for active region (AR) 11641
in Fig. 1. On the first day of the analysis, the measured veloc-
ities range from a mean maximum velocity (average over the
eight-sunspot sample) of 881m s−1 at a distance of 3 pixels from
the boundary of the sunspot (see Table 2, third column) down to
199m s−1 at the outer edge of the flow region. During the decay
of the sunspots, the maximum velocity values show individual
changes due to the distinct evolution of each sunspot. Neverthe-
less, all studied sunspots show a decrease in velocities at the in-
ner boundary of the flow field during sunspot decay. This evolu-
tion of the velocity measured closest (1.1Mm off) to the sunspot
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Fig. 1. Doppler map (left panel) of AR11641 on 2 January 2013 at 07:30 UT. The green line displays the outline of the spot, and exemplary
ellipses, along which the velocity values are read out, are plotted in black. The extension of the flow field is delimited by velocities higher than the
rms values (green curve in the right panel). The rms values are plotted as error bars. The blue curve represents the velocity profile corrected for
projection effects.
Table 2. NOAA number of the investigated active regions with the extension of the flow field from the sunspot boundary r¯Fend and selected velocity
values.
AR Period υ¯h(3 pixel) [m s-1] υ¯maxh (rF) [m s
-1] υ¯maxh (rF)[m s
-1] r¯Fend [Mm] r¯Fend [Mm] r¯Fend [Mm]
(1st day) (w/o penumbra) (w/o spot) (1st day) (w/o penumbra) (w/o spot)
11676 19.–27.02.2013 677 373 237 14.5 10.43 6.6
11641 02.–08.01.2013 838 488 342 14.8 12.9 13.1
11646 05.–10.01.2013 957 400 221 9.4 8.0 4.3
11841 13.–21.09.2013 711 519 - - 9.8 8.4 - -
12013 21.–26.03.2014 929 289 - - 8.8 3.8 - -
12163 09.–16.09.2014 968 443 130 9.9 10.3 4.1
12169 18.–26.09.2014 1051 318 266 15.2 6.8 6.5
12170 19.–26.09.2014 916 356 309 12.6 6.8 6.7
mean 881 398 251 11.9 8.4 6.9
Notes. υ¯h(3 pixel) is the mean maximum horizontal velocity (average over the first day of analysis), which is found at the sunspot boundary.
υ¯maxh (rF) is the mean maximal velocity after the penumbra/the spot has fully dissolved for different locations in the flow field.
is illustrated in Fig. 2 (black), with individual symbols for each
sunspot. All times are shifted to show the loss of penumbra as a
common point in time (t= 0).
Studying the velocity profiles for the different evolutionary
stages of sunspots decay unveils a change in the profile be-
haviour. The case for AR11641 is illustrated in Fig. 3: The hori-
zontal velocity decreases with sunspot decay, especially close to
the spot boundary. The continuously decreasing profile, charac-
teristic for the moat flows, disappears. The profile becomes flat-
ter. After the penumbra dissolves (see Fig. 3e), the velocity pro-
file changes dramatically: the velocity at the (naked) spot bound-
ary is now lower than the velocity measured 5−6Mm apart. We
estimate a mean maximum horizontal flow of 398m s−1 in the
surroundings for the eight naked sunspots (see Table 2, fourth
column, for the individual values of the single spots). We note
that when determining the average maximum horizontal veloc-
ity υmaxh (rF) in the flow field, the distance to the spot boundary
is not a fixed value, but rather, rF varies for each (naked) spot.
This is outlined by the green contour in the animations (see Ap-
pendixA) on the spot evolution.
The change in the shape of the velocity profile becomes even
more pronounced as the remaining naked spot dissolves: A ve-
locity profile develops whose amplitude first increases with dis-
tance to the (dissolved-)spot centre. A maximum horizontal ve-
locity of 251m s−1 (averaged over the eight ARs) is reached.
Farther away from the (dissolved-)spot centre, the velocity de-
creases again (see e.g. Fig. 3f). This mean maximum velocity of
251m s−1 of the flow field measured after the sunspots disap-
pearance is lower than the velocity measured in the surround-
ings of the naked spots (398m s−1) described above. The two
blank rows in Table 2, fifth column, are due to measuring max-
imum velocities after the sunspots disappearance in only six of
the eight studied regions. AR11841 does not completely dissolve
before reaching the western limb. In the surrounding region of
AR12013, no consistent outflow pattern can be measured after
the spot has fully dissolved. The behaviour of AR12013 and its
surrounding flow field is discussed further in Sect. 3.1.3 (where
we explain the absence of such an outflow).
To visualise the change in velocity profiles for all active
regions, the horizontal velocity by the spot boundary (black)
is plotted together with the maximum horizontal velocity (red)
measured over the flow field in Fig. 2. As long as the two val-
ues coincide, only the values closest to the sunspot are visualised
(black). Thus, the detachment of the red and black values reveals
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Fig. 2. Evolution of the maximum velocity υmaxh (rF) (black) and velocity at the spot boundary υh(1.1Mm) (red) of the flow field for all analysed
active regions. If the maximum velocity is localised at the sunspot boundary, these values are equal to υh(1.1Mm) and are not visible in the
diagram. The abscissa values are given in days with the loss of the penumbra being set as a common point in time.
the change in the profile of the horizontal velocity component of
the radial flow. The onset of the profile change is coincident with
the full disappearance of penumbrae, indicated by the blue ver-
tical line in Fig. 2, which shows the intimate coupling between
penumbrae and outflows in the surroundings of sunspots.
It is important to note here that the process of decay, dis-
tinct for each sunspot, also plays a role in the measured outflows.
Thus, a change in the location of the maximum velocity in the
flow field before the penumbra has fully dissolved can be as-
cribed to the separation of part of the penumbra (flux expulsion)
from the sunspot, for instance: the evolution of AR11641 (Ap-
pendixA, from 04.01.2013 00:00UT – 09:00UT) three days be-
fore the penumbra dissolves (red crosses in Fig. 2 at t= -3 days)
shows that the flux expelled into the moat region influences the
measurement of the flow velocity until it vanishes. Similarly, the
early onset of the change in velocity profile in AR11841 (red
triangles) is due to an asymmetric disappearance of the penum-
bra (see animation in AppendixA). The process of the final loss
of the penumbra leads to asymmetries in the shape of the other
spots as well and therefore also in the surrounding flow fields.
This causes the scattering of the shift of the measured locations
for the maximum velocity. In addition, the final dissolving of
the penumbra is a mostly continuous process, and this point in
time is selected by eye in intensity maps, which can also lead to
discrepancies and to the spreading around the defined point in
time. The reshaping of the radial profile is observed in all cases,
however.
3.1.2. Flow extension and projection effects
The analysis method of the flow extension as described in
Sect. 2.3 relies on the fact that off disc centre, and due to pro-
jection effects, a horizontal flow shows a component along the
LOS with measurable velocities. Therefore, the measured flow
extensions depend on the LOS horizontal velocity and on the
rms values. Closer to disc centre, the projection effect decreases,
and lower velocity values are measured. The lower values van-
ish easily in the noise and lead to smaller measured flow exten-
sions close to disc centre. This effect is shown in Fig. 4 for the
individual sunspots, as the extension of the flow field seems to
decrease and at some point in time starts to increase again when
sunspots cross over the zero-meridian. Velocities of sunspots in
the eastern and western hemisphere are outlined by black and
red symbols. The values are again shifted to have the loss of the
penumbra as a common point in time. We note that the analysed
time range is different for each sunspot and does not start at the
same point in time in the sunspot evolution. Sunspot decay, es-
pecially the loss of the penumbra, leads to a large scattering in
the values of the flow extension. The erosion and detachment of
magnetic flux from the decaying sunspot also affects the mea-
surement of the extension of the outflow.
For fully fledged sunspots, a mean flow extension of
11.9Mm is measured (see Table 2, sixth column, for the mean
value for each spot). Figure 4 displays a decrease in the flow
extension as evolution progresses when comparing similar he-
liocentric angles on the eastern (black) and western (red) hemi-
spheres of the solar disc. After the penumbra has dissolved,
the extension of the outflow also decreases to a mean value of
8.4Mm. The values for each sunspot before and after losing
the penumbra, as given in Table 2 (sixth and seventh column)
display an individual behaviour of the flow extension for the
spots. Around some active regions, for example, AR11641 and
AR11841, only a slight decrease is found. For AR12163, even a
higher value is measured. This can be ascribed to the influence
of a part of the penumbra detaching from the spot. However, the
extension of the flow field around other active regions, such as
AR12169 and AR12170, decreases by more than 5Mm.
We also measure the extension of the flow after the naked
sunspot has dissolved. We find a mean extension of 6.9Mm for
the remaining flow cell without spot. Nevertheless, a distinct be-
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Fig. 3. Velocity profiles of AR11641 for different times in the spot evo-
lution. Transition from green to red in the profiles outlines the outer
edge of flow field. A change in the shape of the velocity profile be-
comes apparent as the sunspot decays and the penumbra dissolves on
7 January 2013 at 01:30UT. The vertical lines mark the distance to the
spot for which the horizontal velocity is maximum.
haviour for each flow cell is again obtained (see Table 2, last
column). The flow cell size of AR11641 remains mostly stable
when the values of the different steps of the sunspots evolution
are taken into account. The flow extension around AR12169 and
AR12170, for instance, also remains constant from the stage of
naked spot to the eventual spot extinction. The flow cell around
some other active regions, such as AR11646 and AR12163, de-
creases within half a day after the spot disappears, however. The
flow field around AR12013 even disappears immediately with
the disappearance of the spot, as we discussed earlier.
3.1.3. Interaction between the flow field around sunspots and
surrounding network (supergranular) cells
We find a main common behaviour for the horizontal flow ve-
locity profile of the different sunspots, but the extension of the
flow field surrounding a sunspot shows a more individual be-
haviour. Zwaan (1992) observed breaks in the flow field around
a sunspot and suggested a dependence of the shape of the cell
on the magnetic environment. To study whether the surrounding
of sunspots influences the extension of the flow field, we used
HMI LOS magnetograms. When sunspots have a penumbra, the
LOS magnetograms show the well-known scenario of a sunspot
as a strong accumulation of magnetic flux with moving mag-
netic features streaming away from it, and with the spot centred
in a (network) cell, as shown in Fig. 5a. The magnetic flux accu-
mulating around the spot seems to form a firm boundary against
the surrounding network cells. The network (supergranular) cells
evolve in continuous competition with each other, including the
sunspot cell. At some locations, the surrounding network cells
are able to interrupt the sunspot’s flow cell, as is shown in the
network cell centred at around x= 56Mm, y= 26Mm, in Fig. 5a,
for instance. In other cases, such as Fig. 5c, the sunspot cell im-
plodes, squeezed by the surrounding cells. Nevertheless, as long
as the penumbra is present, the cell formed around the sunspot
is only partially distorted and can re-establish itself again and
push the surrounding network cells back. The evolution of each
sunspot as seen in the magnetograms can be followed in the
central panel of the animations (see AppendixA and FigsA.1
- A.8 for snapshots). As the penumbra dissolves, the morphol-
ogy of the spot changes and the strength of the flow seems to
weaken. This influences the measured extension of the flow field
(see previous Sect. 3.1.2). We observe two different scenarios:
(1) For some cases, in regions of the spot cell boundary in which
magnetic flux accumulates, the influence of surrounding (super-
granular/network) cells appears to be weak and a cell can form
around the spot. In such cases, the cell remains stable, even af-
ter the spot vanishes, and the flow extension can be measured.
An example is illustrated in Fig. 5b for AR11676. With time, the
cell size slowly decreases as the surrounding network cells push
against it, leading to a long-lasting (> 1 day) dissolving process.
The full evolution process can be monitored in the animations
in AppendixA. (2) In contrast, if there is weak magnetic flux in
the spot cell boundary, the surrounding cells are able to distort
the flow field by squeezing the spot cell. This leads to a decrease
in flow extension. The effect of squeezing the spot cell becomes
evenmore pronounced as the spot vanishes in the intensity maps:
Eventually, the spot cell implodes owing to the action of the sur-
rounding cells, as shown in Fig. 5c and Fig. 5d for AR11646,
for instance. We observe a similar behaviour for AR12013 and
AR12163. For the former, the flow even disappears with the dis-
appearance of the spot.
These observations suggest that the variety of measured ex-
tension values of the flow field surrounding a spot (Sect. 3.1.2)
can be explained by boundary conditions, namely, the interaction
with surrounding network cells. In addition, the accumulation of
magnetic flux, forming part of the network, seems to influence
the stability of the cell.
3.2. Flow field of supergranules
To analyse the flow field in supergranules, we applied the same
method as for the study of the flow field around sunspots. To lo-
calise the centre of supergranules, we used LOS magnetograms
and assumed the magnetic network as a suitable outliner for the
supergranular pattern manifest in the averaged Doppler maps.
The centre of such a cell was then manually localised by eye. In
this way, we selected 18 supergranules in the magnetograms and
read out the LOS velocity values from the Doppler maps along
circles and ellipses around the defined barycentre point. Exam-
ples of the contouring analysis of three supergranules of the sam-
ple as seen in intensity, magnetograms, and Doppler maps can be
found in the figures provided in AppendixB.
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Fig. 5. LOS magnetograms of AR11676 (upper panels) and AR11646
(lower panels) for different stages in their evolution (left columns:
sunspots with penumbra, and right columns: dissolved spots). The area
of the spot is outlined by the green ellipses. The extension of the flow
field is outlined by the red ellipses.
3.2.1. Horizontal flow velocity
The mean horizontal velocity profiles are displayed in Fig. 6d
for all selected supergranules. On average, the velocity increases
from a mean value of 215m s−1 for increasing distance to the
cells centre, up to a maximum of 355m s−1 to later decrease for
larger distances. The maximum horizontal velocity, in the range
of 216–511m s−1, is always localised farther out in the flow field
and not at the centre of the cell.
3.2.2. Flow extension
According to our analysis method, the cell size is determined
as the distance to the cell centre where the measured LOS hor-
izontal velocity is lower than the noise level. We measure a
mean distance of 8.8Mm, with values in a range from 6.1Mm
to 12.9Mm, which translates into an estimate of the diameter of
the cells of 12.2Mm to 25.8Mm.
4. Discussion
We have studied how the radial outflow around sunspots, the
moat flow, evolves with sunspot decay. For comparison, we have
measured the flow in supergranules by similar means. In the fol-
lowing, we discuss our results in the context of the findings re-
ported by other authors, and we investigate the possible relation
between these two large-scale plasma flows.
4.1. Flow around fully fledged sunspots
The measured extension of the moat flow around fully fledged
sunspots (day one in our evolutionary study) are in agreement
with the results obtained by Löhner-Böttcher & Schlichenmaier
(2013), who applied the same analysis method. Our mean ex-
tension value of 11.9Mm (see Table 3, first column and Fig. 6a,
change from green to red) is somewhat higher than their mean
flow extension of 9.2Mm. This can be ascribed to our re-
duced (eight sunspots) sample compared to theirs (31 sunspots).
It is well within their range of values of 5–15Mm, however.
Other investigations by Sheeley (1972), Brickhouse & Labonte
(1988), Balthasar & Muglach (2010), Švanda et al. (2014) and
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Table 3. Summary of results.
Spot with penumbra Naked spot Dissolved spot Supergranule
υ¯maxh (rF) = 881m s
−1 υ¯maxh (rF) = 398m s
−1 υ¯maxh (rF) = 250m s
−1 υ¯maxh (rF) = 355m s
−1
(υ¯maxh (rF) = 1000m s
−1)(1) (υ¯maxh (rF) = 500m s
−1)(3) (υ¯maxh (rF) = 300 − 500m s
−1)(2,5)
r¯Fend = 11.9Mm r¯Fend = 8.4Mm r¯Fend = 6.9Mm r¯Fend = 8.8Mm
(r¯Fend = 9.2Mm)
(1) (r¯Fend = 10Mm)
(3) (r¯Fend = 5 − 22.5Mm)
(2,4)
Notes. The first three columns display the mean values obtained for the different stages of the sunspots evolution (sunspot with penumbra, naked
spot, dissolved spot). The fourth column depicts the mean values of the supergranular flow.
References. (1) Löhner-Böttcher & Schlichenmaier (2013), (2) Orozco Suárez et al. (2012), (3) Rempel (2015), (4) Roudier et al. (2014),
(5) Švanda et al. (2014)
Verma et al. (2018), for example, led to a larger flow extension
ranging from 10–22Mm. The measured profile shape of the hor-
izontal velocity, showing a continuous decrease with increasing
distance from the spot boundary (see Fig. 6a), agrees with the
results by Balthasar et al. (2013), Löhner-Böttcher & Schlichen-
maier (2013), and Rempel (2015). The maximum velocity val-
ues, ranging between 677m s−1 and 1051m s−1 and measured
close to the sunspot boundary (grey shaded area in Fig. 6a at
1.1Mm), are comparable to those reported by Löhner-Böttcher
& Schlichenmaier (2013) (0.8 to 1.2 km s−1).
4.2. Flow around naked sunspots
As the penumbra dissolves, we measure a decrease in the hor-
izontal velocity around the spot. This is in agreement with the
findings by Balthasar et al. (2013), who reported on lower flow
velocity on the side of the sunspot where its penumbra has dis-
solved compared to the outflow velocity where the penumbra is
still present. The measured evolution of the velocity profile (see
Fig. 6b) is also in agreement with the results of the simulations
by Rempel (2015). He reported a horizontal velocity at a distance
of 1Mm to the spot boundary that increased with distance up to
500m s−1 to decrease later. We measure a mean maximumveloc-
ity value of 398m s−1 (see Table 3, second column and Fig. 6b,)
with individual values ranging from 289m s−1 to 519m s−1. In
Fig. 6b, the grey shaded area reaches an even higher value be-
cause this area displays the dispersion of all individual profiles
for all times during the naked-spot phase and for all the spots in
the sample. In addition, the maximum horizontal velocity is not
found to be at the same distance to the spot boundary for the dif-
ferent time steps and sunspots. The extension of the flow field re-
ported by Rempel (2015) does not change in his simulated naked
spot. This disagrees with our measured mean value, which de-
creases from 11.9Mm to 8.4Mm (compare Table 2, Cols. 6 and
7 and Table 3, Cols. 1 and 2), although we also have active re-
gions that show a more constant flow extension (e.g. AR11646,
AR11841, and AR12163, see Table 2) during sunspot decay. Ac-
cording to our study, the interaction with surrounding cells (see
Sect. 3.1.3) causes the measured decrease of the flow extension.
The discrepancy of the simulations by Rempel (2015) with our
results can be ascribed to the missing influence of supergranular
flows in the surrounding of the naked-sunspot cell in the simu-
lations. This was also noted by Sheeley et al. (2017), whose ob-
servations and suggestion of supergranules compressing the out-
flow on one side agree with our observations and interpretations.
Sheeley (1972) and Zwaan (1992) have also reported about irreg-
ularities in the flow cell around sunspots due to sections of the
network penetrating it. In addition,Meyer et al. (1974) explained
discrepancies in the measurement values of decaying sunspots as
the lack of symmetry and incompleteness of the flow field. In our
analysis, the horizontal velocity is obtained as the amplitude of
the LOS velocity read out along circles around the sunspot (see
Sect. 2.3). The penetration of a neighbouring supergranule into
the flow region of the sunspot in the direction to its axis of sym-
metry will have a stronger influence on the measured value than
the penetration of a supergranule perpendicular to the spot axis
of symmetry. Therefore, we stress that for an irregular cell shape,
the measurement of the flow extension around a naked sunspot,
with our analysis method, will depend on the direction of the
penetration of the neighbouring supergranules.
4.3. Flow in the remnant region of dissolved spots
For the six analysed cases in which a flow can be measured after
the spot has dissolved, we measure a mean extension of 6.9Mm
(see Table 3, third column and Fig. 6c, change from green to
red) and a mean maximum horizontal velocity of 250m s−1. This
means that after sunspot decay, the remaining flow cells have a
mean diameter of 13.8Mm. These cells are mostly outlined by
the magnetic network as seen in magnetograms (see animations
in AppendixA and Figs. A.1 - A.8, centre panels). Directly af-
ter the disappearance of the spot as seen in the intensity maps,
it can be distinguished from a regular network cell (supergran-
ule) because of the enhanced magnetic flux remaining from the
spot. This flux is then spread in time, possibly advected by con-
vection as described by van Driel-Gesztelyi & Green (2015). To
interpret the remaining velocity profile (Fig. 6c), we recall that
the grey shaded area takes into account all individual profiles
obtained for the different remnant cells and the maximum val-
ues are not localised at the same distance to the cells’ centre.
Therefore, the individual profiles would show intersections, that
is, some might reach maximum velocity closer to the centre and
show a faster decreasing radial velocity profile than others.
Pardon et al. (1979) reported on 2 (out of 18) moat flows that
persisted for two days after the spot disappeared, as seen in mag-
netograms. We are not aware of any other study on the remnant
flow cell of a decaying sunspot. Because of the evident similar-
ities between supergranules and these remnant cells as seen in
magnetograms and Doppler maps, we compare the results we
obtained for both of them in Sect. 4.5.
4.4. Supergranular flow
Our study of the flow in 14 supergranules led to a mean diame-
ter of 17.6Mm for supergranular cells (see Table 3 last column).
This is smaller than the mean cell diameter of 25Mm reported
by Roudier et al. (2014). Nevertheless, our individual values, in
the range of 12.2Mm to 25.8Mm, are within the diameter of
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Fig. 6. Mean horizontal velocity of the flow field of (a) fully fledged
sunspots, (b) naked spots, (c) dissolved spots, and (d) supergranules.
supergranular cells measured by Simon & Leighton (1964) and
Roudier et al. (2014), which vary from 10Mm to 45Mm.We sur-
mise that our lower mean value is due to our limited sample and
the manual selection of the single cells. This was done by eye,
and therefore cells with approximately the same size have been
selected. Hirzberger et al. (2008) also ascribes the wide range of
cell sizes to the different analysis methods reported by different
authors. The horizontal velocity profiles measured for the super-
granular flows resemble each other. They all increase with the
distance to the cell centre, reach a (averaged over all samples)
mean maximum velocity of 355m s−1 , and decrease for larger
distances (see Fig. 6d). Our supergranular velocity profiles share
a similar shape and maximum velocity with those by Orozco
Suárez et al. (2012), who fitted their profiles to the supergranu-
lar convection kinematic model by Simon & Weiss (1989). Yet,
our flow cells are somehow smaller. Our maximum velocities
also agree with those measured by Švanda et al. (2014).
4.5. Supergranular flow and flow in decaying active regions
By comparing the radial velocity profile of the supergranular
flow and the flow field around sunspots after the penumbra has
fully dissolved, the similar curve progression becomes obvi-
ous (see Fig. 6b and d). The mean maximum velocity of the
flow around the remaining naked spot of 398m s−1 is some-
what higher than the mean maximum horizontal flow velocity
in supergranules (355m s−1) (see Table 3, Cols. 2 and 4), but still
within the range of single measured values. The mean value of
the flow extension around the naked spot of 8.4Mm is of the
same size as the measured extension of a mean supergranule
(8.8Mm).
Once the decaying spot dissolves, the remaining cell cer-
tainly resembles a network cell in magnetograms. Comparison
of the individual cases shows that the remaining flow in the ac-
tive regions squeezed by the surrounding supergranules do not
share similarities with standard supergranular flows (see e.g.
AR11646 and AR12013, Table 2). For spots whose cell persists
after the spot has dissolved, the remaining flow values (see Ta-
ble 3, Col. 3) agree with the lower range values of supergranular
flows, however. This also becomes apparent by comparing the
profiles of the horizontal velocity (see Fig. 6c). The profile for
the remnant flow region is flatter, but the maximum velocity is
not localised at the spot boundary.
4.6. Moat flow decay: interaction with the surroundings
Our results do not allow us to rule out at this point any of
the scenarios propsed by Sheeley (1972) or Vargas Domínguez
et al. (2008), as described in Sect. 1. We clearly corroborate the
intimate relation between the decay of the moat flow around
sunspots and the disappearance of the penumbra during active
region decay.
The close agreement of the properties measured in the flow
around naked sunspots and the flow in supergranules leads us
to conjecture that a supergranule takes over the remaining flow
cell in a decaying active region. This remaining flow appears to
be more stable as long as the naked spot is still present, and it
weakens when the spot fully dissolves. The interaction with the
surrounding supergranules is observed to result in the expansion
and eventual fragmentation of the flowing cell or its merging as a
result of implosion, as also described by Simon & Weiss (1968)
and De Rosa & Toomre (2004). In this process, the remaining
magnetic flux would either be spread over a larger area (Harvey
& Harvey 1973) by advection or be concentrated, hence becom-
ing part of the network, respectively (see Fig. 5).
Our results lead us to conclude that the presence of a flow
cell enclosing a spot and how it evolves strongly depends on
the behaviour of the surrounding competing supergranules and
related magnetic network, that is to say, it strongly depends on
the surrounding environment and not only on the presence of
the sunspot itself. Our findings are in line with those by Si-
mon & Weiss (1968), who concluded from their observations
that the shape of the moat depends on the magnetic surrounding
and ascribed breaks in the moat to substantial magnetic structure
nearby.
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5. Summary and conclusions
From the detailed analysis of the flow velocity, especially the
variation in radial velocity profile and the flow extension, the
evolution of the flow field around sunspots can be described as
follows: For fully fledged sunspots, the flow is characterised by
a continuous outwards plasma motion, the moat flow. The hor-
izontal velocity component is maximum close to the sunspot as
long as the penumbra is present, and decreases while the sunspot
decays. The moat flow generates a moat cell around the spot,
which is generally outlined by a magnetic boundary. Network
cells (supergranules) outlined by the magnetic network in the
surrounding area interact with the moat flow. Expanding net-
work cells push the moat flow backwards, towards the sunspot,
thus destroying the annular form of the moat cell. The moat flow
is mostly strong enough to reinstall and also repel the compet-
ing network (supergranular) cells. This leads to the asymmetric
shape of most moat cells.
When the penumbra dissolves, the flow profile changes. As
the naked spot remains, the surrounding outflow resembles the
flow in supergranules, that is, the maximum velocity is now
found at larger distance from the spot boundary. The interaction
between this flow field and the surrounding network cells re-
mains. Without penumbra and decreasing flow velocities, how-
ever, the neighbouring cells are able to further push back the
outward-moving plasma towards the decaying sunspot. This can
lead to the deformation of the cell. In some cases, the network
cells are even squeezed until they reach the boundary of the
naked spot. If the remaining outflow is still strong enough, a cell
smaller than the original moat cell prevails, which then dissolves
within supergranular timescales.
Early studies by Meyer et al. (1974), Simon & Leighton
(1964), and Sheeley (1972) have proposed the possible coupling
between the supergranular and moat flows. Our study does not
allow for a definite proof of this relation. Our findings, making
use of HMI data, give indications of the moat flow transition-
ing into a supergranular flow when the penumbra disappears or
sunspot decays, however, which supports the findings and sce-
narios proposed by those authors.
The supergranular convection kinematic model by Simon &
Weiss (1989) also agrees with our findings for the flow in super-
granules. This also holds for the results of Orozco Suárez et al.
(2012), although our flow cells are somehow smaller.
In conclusion, sunspots embedded in a moat cell decay into
naked spots embedded in a supergranule. The supergranule can
remain after the naked spot has dissolved or becomes squeezed
by surrounding supergranular cells, in the very same manner in
which standard supergranular cells compete against each other.
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Appendix A: Snapshots and animations of sunspot
evolution
The snapshots (see Fig.A.1 - A.8) show the first time step of
the analysed data set for each of the eight sunspots in the inten-
sity map (left), LOS magnetograms (middle), and LOS Doppler
maps (right), as listed in Table 2. For each of the spots, an ani-
mation with the full temporal evolution of the active regions
is provided as online material. The spot boundary is outlined by
a red contour at each time. The position of the maximum hori-
zontal velocity and extension of the horizontal flow, that is, the
cell size as determined with our analysis method, are marked by
green and pink contours, respectively. The white arrow in the
intensity map points in direction of disc centre and therein visu-
alises the movement of the spot across the solar disc.
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Fig. A.1. Snapshots of the evolution AR11641 in intensity maps (left), LOS magnetograms (middle), and LOS Doppler maps (right). The position
of the maximum horizontal velocity and extension of the horizontal flow are marked by green and pink contours, respectively. The white arrow in
the intensity map points in the direction of disc centre.
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Fig. A.2. Same as Fig. A.1, except for AR11646.
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Fig. A.3. Same as Fig. A.1, except for AR11676.
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Fig. A.4. Same as Fig. A.1, except for AR11841.
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Fig. A.5. Same as Fig. A.1, except for AR12013.
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Fig. A.6. Same as Fig. A.1, except for AR12163.
0 20 40 60 80 100
[arcsec]
0
20
40
60
80
100
[ar
cs
ec
]
0 20 40 60 80 100
[arcsec]
0
20
40
60
80
100
0 20 40 60 80 100
[arcsec]
0
20
40
60
80
100
−150 −100 −50 0 50 100 150
LOS magnetic field strength [G]
−750 −500 −250 0 250 500 750
LOS velocity [m/s]
Intensity
AR12169  18.09.2014 00:00 UT  θ=64.58°
Fully−fledged spot
Fig. A.7. Same as Fig. A.1, except for AR12169.
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Fig. A.8. Same as Fig. A.1, except for AR12170.
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Appendix B: Figures of supergranules
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Fig. B.1. Snapshots of three supergranules in intensity maps (left), LOS magnetograms (middle), and LOS Doppler maps (right). The position of
the maximum horizontal velocity and extension of the horizontal flow, i.e., the cell size as determined with our analysis method, is marked by
green and pink contours, respectively. The black arrow in the intensity map points in the direction of disc centre.
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